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We explore the magnetic properties of isolated a−b planes of trinuclear organometallic crystals, Mo3S7(dmit)3,
in which an interplay of strong electronic correlations and spin molecular-orbital coupling (SMOC) occurs.
The magnetic properties can be described by a XXZ+1200, S = 1 Heisenberg model on a honeycomb lattice
with single-spin anisotropy, D, which depends strongly on SMOC. Based on ab initio estimates of SMOC in
Mo3S7(dmit)3 crystals, we predict that the honeycomb layers of Mo3S7(dmit)3 are Ne´el ordered. However,
in materials with a greater degree of magnetic frustration, Ne´el order can give way to a large-D phase.
I. INTRODUCTION
Strong spin orbit coupling (SOC) in weakly interacting
systems can lead to unconventional insulating states such
as topological insulators. Strongly correlated phases such
as the topological Mott insulator can emerge from the
interplay of strong Coulomb repulsion and SOC which
may be realized in Ir-based transition metal oxides.1 For
instance, in Na2IrO3 and Li2IrO3 materials, SOC re-
moves the orbital degeneracy of 5d electrons leading to
S = 1/2 pseudospins which interact through anisotropic
and quantum compass exchange interactions on a honey-
comb lattice. These materials are potential realizations
of the Heisenberg-Kitaev model, closely related to the
Kitaev model which sustains a spin liquid state2.
Multinuclear coordinated organometallic complexes
are strongly correlated systems in which spin-orbit cou-
pling (SOC) can be relevant. The multinuclear com-
plex, Mo3S7(dmit)3, consists of honeycomb networks
of Mo3S7(dmit)3 molecules stacked on top of each
other along the c-direction of the crystal. Since the
Mo3S7(dmit)3 molecules can be described by three Wan-
nier orbitals3, their packing on the honeycomb lattices
within the layers lead to decorated honeycomb lattices,
as shown in Fig. 1. Based on perturbative expansions in-
cluding Coulomb repulsion and SMOC, the effective spin
exchange model which describes the magnetic properties
of these layers is a S = 1 XXZ+1200 quantum compass
model on the honeycomb lattice.4,5
In the present paper, we discuss the role played by the
single-spin anisotropy induced by SMOC in the magnetic
properties of the honeycomb layers of Mo3S7(dmit)3 crys-
tals shown in Fig. 1. We predict that isolated honeycomb
layers of Mo3S7(dmit)3 crystals are Ne´el ordered but in-
creasing the magnetic frustration of the lattice can drive
the system into a large-D phase.
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FIG. 1. The decorated honeycomb lattice realized in the a-b
planes of Mo3S7(dmit)3 crystals. Mo3S7(dmit)3 molecules are
described by three Wannier orbitals (black dots), which form
the triangles of the decorated lattice encircled by a dashed
green line. The intracluster hopping amplitude between two
molecular orbitals inside the triangle is denoted by tc while the
intercluster hopping amplitude between two orbital in neigh-
boring molecules is denoted by t. The red arrows indicate
the Bravais lattice vectors of the underlying honeycomb lat-
tice. The three bonds connecting equal sites between nearest-
neighbor clusters are numbered from 1 to 3.
II. SPIN ORBITAL MOLECULAR COUPLING IN
TRINUCLEAR ORGANOMETALLIC COMPLEXES
A. Model for isolated trimers
The isolated triangular clusters can be described by a
Hubbard-Heisenberg model in the presence of the spin
molecular-orbit coupling (SMOC):
H = H0 +HSMOC +HU−JF (1)
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2where:
H0 = −tc
∑
〈ij〉σ
(
a†iσajσ +H.c.
)
, (2)
with tc the hopping between hybrid metal-ligand orbitals
at sites in the triangular clusters and a†iσ creates an elec-
tron at the ith Wannier orbital with spin σ.
An important question is how SOC affects the low en-
ergy states described by these Wannier orbitals. Generi-
cally the one-electron spin-orbit coupling takes the form
HSOC =
∑
αKα ·sα, where sα is the spin of the αth elec-
tron and Kα is a pseudovectorial operator that acts only
on the spatial part of the wavefunction. For example, in
the Pauli approximation,
K = − e~
2m2c2
[p×∇φ(r)], (3)
where p is the single electron momentum operator and
φ(r) is the potential through which the electron moves.
Spherical symmetry implies that for an isolated atom
K ∝ L, the angular momentum operator. Thus, in ab
initio calculations, it is common to write the SOC as a
linear superposition of atomic contributions, for example,
in the mean-field Breit-Pauli approximation7,8
HSOC =
e2~
2m2c2
∑
A
∑
α
ZeffA
|rα − rA|3 lAα · sα, (4)
where ZeffA is the effective charge of nucleus A which
accounts for the screening effects of the rest of the elec-
trons on the nuclear potential, lαA = (rα − RA) × pα,
is the angular momentum of the αth electron relative to
the nucleus A at RA. This atomic approach does not
provide any insight into how SOC acts on the low-energy
states described by the Wannier orbitals and requires de-
tailed first principles calculations for each new material
studied. A more chemically intuitive description should
consider the coupling between the electronic spin and the
molecular orbital degrees of freedom.
Symmetry dictates the general form of the SMOC6.
For cyclic molecules with CN symmetry the coupling is
6
HSMOC =
L∑
m=1
1/2∑
σ=−1/2
σλzm
(
cˆ†mσ cˆmσ − cˆ†−mσ cˆ−mσ
)
(5)
+
1
2
L− 12∑
j= 12
[
λ±j
(
cˆ†
j+ 12↓
cˆj− 12↑ + cˆ
†
−j+ 12↓
cˆ−j− 12↑
)
+ H.c.
]
,
where c†mσ = i
|m|∑
j a
†
jσe
i2pij/N/
√
N . For a C3 symmet-
ric molecule, such as Mo3S7(dmit)3, this simplifies to
HSMOC =
λxy
2
(
cˆ†1↓cˆ0↑ + cˆ
†
0↓cˆ−1↑ + cˆ
†
0↑cˆ1↓ + cˆ
†
−1↑cˆ0↓
)
+λz
(
cˆ†1↑cˆ1↑ − cˆ†1↓cˆ1↓ − cˆ†−1↑cˆ−1↑ + cˆ†−1↓cˆ−1↓
)
,
≡
∑
α
[λxy (L
x
αs
x
α + L
y
αs
y
α) + λzL
z
αs
z
α] (6)
where Lx,y,zα are the Cartesian components of the one-
electron molecular orbital “angular momentum” operator
for the αth electron, λxy, is the transverse SMOC and λz
the longitudinal SMOC.
The SMOC hamiltonian (6) gives a far clearer un-
derstanding of the relevant low-energy physics than the
atomistic description (4). This is because molecular or-
bitals, not atomic orbitals, are the natural basis for the
discussion of molecular physics. As molecular orbitals
for cyclic molecules are Bloch states of the Wanniers,
HSMOC describes the coupling of orbital currents run-
ning around the plane of the molecule to the electron’s
spin. The low-energy model constructed from Wan-
nier spinors from four component relativistic band struc-
ture calculations9 of Mo3S7(dmit)3 yields single molecule
SMOC exactly as predicted by Eq. (6).
Finally, the Hubbard-Heisenberg contribution describ-
ing the Coulomb and exchange energy in each triangular
cluster is:
HU−JF = U
∑
i
ni↑ni↓ + JF
∑
〈ij〉
(
Si · Sj − ninj
4
)
, (7)
where U is the onsite Hubbard interaction, JF is an intr-
acluster exchange interaction, and niσ = a
†
iσaiσ the num-
ber operator. The direct ferromagnetic exchange, JF < 0,
plays a crucial role in generating magnetic anisotropies.4
The nearest-neighbor triangular clusters are connected
through the hopping amplitude, t:
Hkin = −t
∑
〈lm〉
∑
i
(
a†`iσamiσ + a
†
miσa`iσ
)
, (8)
where 〈lm〉 denotes two nearest-neighbor triangular clus-
ters and i a cluster site in a given molecule.
B. Effective spin exchange model
By straightforward diagonalization of the full hamilto-
nian (1), we have found that in the strong coupling limit,
U  t, isolated triangular clusters with four electrons
effectively behave as pseudospin-1 localized moments4.
The many-body states of the cluster can be classified
according to the z-component of the total angular mo-
mentum, Jz = Lz + Sz. The ground state of the iso-
lated cluster with no SMOC is a triplet. As shown in
Fig.2, SMOC splits the lowest energy triplet into a non-
degenerate singlet (j = 0) which is the ground state and
a doublet (j = ±1), where j denotes the eigenstates
of Jz. Since we have an even number of electrons in
the cluster, Kramers theorem does not apply and non-
degenerate states are possible. SMOC can be effectively
accounted for as a single-spin anisotropy contribution at
each cluster. Hence, the effective spin model for the m-th
Mo3S7(dmit)3 molecule in the crystal is just:
Heffm = D(Szrm)2, (9)
3SMOC
triplet
<latexit sha1_b ase64="B+dynSqh52OvtlkHhbjse7M ytBQ=">AAAB+XicbVBNS8NAEN3Ur1 q/oh69BIvgqSQi6LHgxWMF+wFtKJvt pF26uwm7k2IJ/SdePCji1X/izX/jt s1BWx8MPN6bYWZelApu0Pe/ndLG5tb 2Tnm3srd/cHjkHp+0TJJpBk2WiER3 ImpAcAVN5Cigk2qgMhLQjsZ3c789A W14oh5xmkIo6VDxmDOKVuq7bg/hCbX MUfNUAM76btWv+Qt46yQoSJUUaPTd r94gYZkEhUxQY7qBn2KYU42cCZhVep mBlLIxHULXUkUlmDBfXD7zLqwy8OJ E21LoLdTfEzmVxkxlZDslxZFZ9ebif 143w/g2zLlKMwTFloviTHiYePMYvA HXwFBMLaFMc3urx0ZUU4Y2rIoNIVh9 eZ20rmqBXwserqv16yKOMjkj5+SSB OSG1Mk9aZAmYWRCnskreXNy58V5dz6 WrSWnmDklf+B8/gCYmZQ5</latexi t><latexit sha1_b ase64="B+dynSqh52OvtlkHhbjse7M ytBQ=">AAAB+XicbVBNS8NAEN3Ur1 q/oh69BIvgqSQi6LHgxWMF+wFtKJvt pF26uwm7k2IJ/SdePCji1X/izX/jt s1BWx8MPN6bYWZelApu0Pe/ndLG5tb 2Tnm3srd/cHjkHp+0TJJpBk2WiER3 ImpAcAVN5Cigk2qgMhLQjsZ3c789A W14oh5xmkIo6VDxmDOKVuq7bg/hCbX MUfNUAM76btWv+Qt46yQoSJUUaPTd r94gYZkEhUxQY7qBn2KYU42cCZhVep mBlLIxHULXUkUlmDBfXD7zLqwy8OJ E21LoLdTfEzmVxkxlZDslxZFZ9ebif 143w/g2zLlKMwTFloviTHiYePMYvA HXwFBMLaFMc3urx0ZUU4Y2rIoNIVh9 eZ20rmqBXwserqv16yKOMjkj5+SSB OSG1Mk9aZAmYWRCnskreXNy58V5dz6 WrSWnmDklf+B8/gCYmZQ5</latexi t><latexit sha1_b ase64="B+dynSqh52OvtlkHhbjse7M ytBQ=">AAAB+XicbVBNS8NAEN3Ur1 q/oh69BIvgqSQi6LHgxWMF+wFtKJvt pF26uwm7k2IJ/SdePCji1X/izX/jt s1BWx8MPN6bYWZelApu0Pe/ndLG5tb 2Tnm3srd/cHjkHp+0TJJpBk2WiER3 ImpAcAVN5Cigk2qgMhLQjsZ3c789A W14oh5xmkIo6VDxmDOKVuq7bg/hCbX MUfNUAM76btWv+Qt46yQoSJUUaPTd r94gYZkEhUxQY7qBn2KYU42cCZhVep mBlLIxHULXUkUlmDBfXD7zLqwy8OJ E21LoLdTfEzmVxkxlZDslxZFZ9ebif 143w/g2zLlKMwTFloviTHiYePMYvA HXwFBMLaFMc3urx0ZUU4Y2rIoNIVh9 eZ20rmqBXwserqv16yKOMjkj5+SSB OSG1Mk9aZAmYWRCnskreXNy58V5dz6 WrSWnmDklf+B8/gCYmZQ5</latexi t><latexit sha1_b ase64="B+dynSqh52OvtlkHhbjse7M ytBQ=">AAAB+XicbVBNS8NAEN3Ur1 q/oh69BIvgqSQi6LHgxWMF+wFtKJvt pF26uwm7k2IJ/SdePCji1X/izX/jt s1BWx8MPN6bYWZelApu0Pe/ndLG5tb 2Tnm3srd/cHjkHp+0TJJpBk2WiER3 ImpAcAVN5Cigk2qgMhLQjsZ3c789A W14oh5xmkIo6VDxmDOKVuq7bg/hCbX MUfNUAM76btWv+Qt46yQoSJUUaPTd r94gYZkEhUxQY7qBn2KYU42cCZhVep mBlLIxHULXUkUlmDBfXD7zLqwy8OJ E21LoLdTfEzmVxkxlZDslxZFZ9ebif 143w/g2zLlKMwTFloviTHiYePMYvA HXwFBMLaFMc3urx0ZUU4Y2rIoNIVh9 eZ20rmqBXwserqv16yKOMjkj5+SSB OSG1Mk9aZAmYWRCnskreXNy58V5dz6 WrSWnmDklf+B8/gCYmZQ5</latexi t>
doublet
<latexit sha1_base64="jSxMBM68 pdqidjP4zcNUdmB4LA0=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE0 GXBjcsK9gHtUDKZtA3NY0juFMvQP3HjQhG3/ok7/8a0nYW2HggczrmHe3Pi VHALQfDtlTY2t7Z3yruVvf2DwyP/+KRldWYoa1IttOnExDLBFWsCB8E6qWF ExoK14/Hd3G9PmLFcq0eYpiySZKj4gFMCTur7fg/YExiZJzpzGZj1/WpQCx bA6yQsSBUVaPT9r16iaSaZAiqItd0wSCHKiQFOBZtVepllKaFjMmRdRxWRz Eb54vIZvnBKggfauKcAL9TfiZxIa6cydpOSwMiuenPxP6+bweA2yrlKM2C KLhcNMoFB43kNOOGGURBTRwg13N2K6YgYQsGVVXElhKtfXietq1oY1MKH62 r9uqijjM7QObpEIbpBdXSPGqiJKJqgZ/SK3rzce/HevY/laMkrMqfoD7zPH 3hHlCQ=</latexit><latexit sha1_base64="jSxMBM68 pdqidjP4zcNUdmB4LA0=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE0 GXBjcsK9gHtUDKZtA3NY0juFMvQP3HjQhG3/ok7/8a0nYW2HggczrmHe3Pi VHALQfDtlTY2t7Z3yruVvf2DwyP/+KRldWYoa1IttOnExDLBFWsCB8E6qWF ExoK14/Hd3G9PmLFcq0eYpiySZKj4gFMCTur7fg/YExiZJzpzGZj1/WpQCx bA6yQsSBUVaPT9r16iaSaZAiqItd0wSCHKiQFOBZtVepllKaFjMmRdRxWRz Eb54vIZvnBKggfauKcAL9TfiZxIa6cydpOSwMiuenPxP6+bweA2yrlKM2C KLhcNMoFB43kNOOGGURBTRwg13N2K6YgYQsGVVXElhKtfXietq1oY1MKH62 r9uqijjM7QObpEIbpBdXSPGqiJKJqgZ/SK3rzce/HevY/laMkrMqfoD7zPH 3hHlCQ=</latexit><latexit sha1_base64="jSxMBM68 pdqidjP4zcNUdmB4LA0=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE0 GXBjcsK9gHtUDKZtA3NY0juFMvQP3HjQhG3/ok7/8a0nYW2HggczrmHe3Pi VHALQfDtlTY2t7Z3yruVvf2DwyP/+KRldWYoa1IttOnExDLBFWsCB8E6qWF ExoK14/Hd3G9PmLFcq0eYpiySZKj4gFMCTur7fg/YExiZJzpzGZj1/WpQCx bA6yQsSBUVaPT9r16iaSaZAiqItd0wSCHKiQFOBZtVepllKaFjMmRdRxWRz Eb54vIZvnBKggfauKcAL9TfiZxIa6cydpOSwMiuenPxP6+bweA2yrlKM2C KLhcNMoFB43kNOOGGURBTRwg13N2K6YgYQsGVVXElhKtfXietq1oY1MKH62 r9uqijjM7QObpEIbpBdXSPGqiJKJqgZ/SK3rzce/HevY/laMkrMqfoD7zPH 3hHlCQ=</latexit><latexit sha1_base64="jSxMBM68 pdqidjP4zcNUdmB4LA0=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZE0 GXBjcsK9gHtUDKZtA3NY0juFMvQP3HjQhG3/ok7/8a0nYW2HggczrmHe3Pi VHALQfDtlTY2t7Z3yruVvf2DwyP/+KRldWYoa1IttOnExDLBFWsCB8E6qWF ExoK14/Hd3G9PmLFcq0eYpiySZKj4gFMCTur7fg/YExiZJzpzGZj1/WpQCx bA6yQsSBUVaPT9r16iaSaZAiqItd0wSCHKiQFOBZtVepllKaFjMmRdRxWRz Eb54vIZvnBKggfauKcAL9TfiZxIa6cydpOSwMiuenPxP6+bweA2yrlKM2C KLhcNMoFB43kNOOGGURBTRwg13N2K6YgYQsGVVXElhKtfXietq1oY1MKH62 r9uqijjM7QObpEIbpBdXSPGqiJKJqgZ/SK3rzce/HevY/laMkrMqfoD7zPH 3hHlCQ=</latexit>
singlet
<latexit sha1_base64="/4b8dF7x hAP2nGUHdXTteJ7fADE=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6 LHgxWMF+wFtKJvtpF26uwm7k2IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZe lApu0Pe/ndLG5tb2Tnm3srd/cHjkHp+0TJJpBk2WiER3ImpAcAVN5Cigk2q gMhLQjsZ3c789AW14oh5xmkIo6VDxmDOKVuq7bg/hCbXMDVdDATjru1W/5i /grZOgIFVSoNF3v3qDhGUSFDJBjekGfophTjVyJmBW6WUGUsrGdAhdSxWVY MJ8cfnMu7DKwIsTbUuht1B/T+RUGjOVke2UFEdm1ZuL/3ndDOPbMOcqzRA UWy6KM+Fh4s1j8AZcA0MxtYQyze2tHhtRTRnasCo2hGD15XXSuqoFfi14uK 7Wr4s4yuSMnJNLEpAbUif3pEGahJEJeSav5M3JnRfn3flYtpacYuaU/IHz+ QODGZQr</latexit><latexit sha1_base64="/4b8dF7x hAP2nGUHdXTteJ7fADE=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6 LHgxWMF+wFtKJvtpF26uwm7k2IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZe lApu0Pe/ndLG5tb2Tnm3srd/cHjkHp+0TJJpBk2WiER3ImpAcAVN5Cigk2q gMhLQjsZ3c789AW14oh5xmkIo6VDxmDOKVuq7bg/hCbXMDVdDATjru1W/5i /grZOgIFVSoNF3v3qDhGUSFDJBjekGfophTjVyJmBW6WUGUsrGdAhdSxWVY MJ8cfnMu7DKwIsTbUuht1B/T+RUGjOVke2UFEdm1ZuL/3ndDOPbMOcqzRA UWy6KM+Fh4s1j8AZcA0MxtYQyze2tHhtRTRnasCo2hGD15XXSuqoFfi14uK 7Wr4s4yuSMnJNLEpAbUif3pEGahJEJeSav5M3JnRfn3flYtpacYuaU/IHz+ QODGZQr</latexit><latexit sha1_base64="/4b8dF7x hAP2nGUHdXTteJ7fADE=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6 LHgxWMF+wFtKJvtpF26uwm7k2IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZe lApu0Pe/ndLG5tb2Tnm3srd/cHjkHp+0TJJpBk2WiER3ImpAcAVN5Cigk2q gMhLQjsZ3c789AW14oh5xmkIo6VDxmDOKVuq7bg/hCbXMDVdDATjru1W/5i /grZOgIFVSoNF3v3qDhGUSFDJBjekGfophTjVyJmBW6WUGUsrGdAhdSxWVY MJ8cfnMu7DKwIsTbUuht1B/T+RUGjOVke2UFEdm1ZuL/3ndDOPbMOcqzRA UWy6KM+Fh4s1j8AZcA0MxtYQyze2tHhtRTRnasCo2hGD15XXSuqoFfi14uK 7Wr4s4yuSMnJNLEpAbUif3pEGahJEJeSav5M3JnRfn3flYtpacYuaU/IHz+ QODGZQr</latexit><latexit sha1_base64="/4b8dF7x hAP2nGUHdXTteJ7fADE=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6 LHgxWMF+wFtKJvtpF26uwm7k2IJ/SdePCji1X/izX/jts1BWx8MPN6bYWZe lApu0Pe/ndLG5tb2Tnm3srd/cHjkHp+0TJJpBk2WiER3ImpAcAVN5Cigk2q gMhLQjsZ3c789AW14oh5xmkIo6VDxmDOKVuq7bg/hCbXMDVdDATjru1W/5i /grZOgIFVSoNF3v3qDhGUSFDJBjekGfophTjVyJmBW6WUGUsrGdAhdSxWVY MJ8cfnMu7DKwIsTbUuht1B/T+RUGjOVke2UFEdm1ZuL/3ndDOPbMOcqzRA UWy6KM+Fh4s1j8AZcA0MxtYQyze2tHhtRTRnasCo2hGD15XXSuqoFfi14uK 7Wr4s4yuSMnJNLEpAbUif3pEGahJEJeSav5M3JnRfn3flYtpacYuaU/IHz+ QODGZQr</latexit>
He↵
<latexit sha1_base64="DMnNqfiV mDs6HNRigSwXgswctYI=">AAAB+XicbVBNS8NAEN34WetX1KOXYBE8lUQE9 Vbw0mMF+wFtLJvtpF262YTdSbGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMv SATX6Lrf1tr6xubWdmmnvLu3f3BoHx23dJwqBk0Wi1h1AqpBcAlN5Cigkyi gUSCgHYzvZn57AkrzWD7gNAE/okPJQ84oGqlv2/XHrIfwhCrKIAzzvG9X3K o7h7NKvIJUSIFG3/7qDWKWRiCRCap113MT9DOqkDMBebmXakgoG9MhdA2VN ALtZ/PLc+fcKAMnjJUpic5c/T2R0UjraRSYzojiSC97M/E/r5tieONnXCY pgmSLRWEqHIydWQzOgCtgKKaGUKa4udVhI6ooQxNW2YTgLb+8SlqXVc+tev dXldptEUeJnJIzckE8ck1qpE4apEkYmZBn8krerMx6sd6tj0XrmlXMnJA/s D5/AEbYlAk=</latexit><latexit sha1_base64="DMnNqfiV mDs6HNRigSwXgswctYI=">AAAB+XicbVBNS8NAEN34WetX1KOXYBE8lUQE9 Vbw0mMF+wFtLJvtpF262YTdSbGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMv SATX6Lrf1tr6xubWdmmnvLu3f3BoHx23dJwqBk0Wi1h1AqpBcAlN5Cigkyi gUSCgHYzvZn57AkrzWD7gNAE/okPJQ84oGqlv2/XHrIfwhCrKIAzzvG9X3K o7h7NKvIJUSIFG3/7qDWKWRiCRCap113MT9DOqkDMBebmXakgoG9MhdA2VN ALtZ/PLc+fcKAMnjJUpic5c/T2R0UjraRSYzojiSC97M/E/r5tieONnXCY pgmSLRWEqHIydWQzOgCtgKKaGUKa4udVhI6ooQxNW2YTgLb+8SlqXVc+tev dXldptEUeJnJIzckE8ck1qpE4apEkYmZBn8krerMx6sd6tj0XrmlXMnJA/s D5/AEbYlAk=</latexit><latexit sha1_base64="DMnNqfiV mDs6HNRigSwXgswctYI=">AAAB+XicbVBNS8NAEN34WetX1KOXYBE8lUQE9 Vbw0mMF+wFtLJvtpF262YTdSbGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMv SATX6Lrf1tr6xubWdmmnvLu3f3BoHx23dJwqBk0Wi1h1AqpBcAlN5Cigkyi gUSCgHYzvZn57AkrzWD7gNAE/okPJQ84oGqlv2/XHrIfwhCrKIAzzvG9X3K o7h7NKvIJUSIFG3/7qDWKWRiCRCap113MT9DOqkDMBebmXakgoG9MhdA2VN ALtZ/PLc+fcKAMnjJUpic5c/T2R0UjraRSYzojiSC97M/E/r5tieONnXCY pgmSLRWEqHIydWQzOgCtgKKaGUKa4udVhI6ooQxNW2YTgLb+8SlqXVc+tev dXldptEUeJnJIzckE8ck1qpE4apEkYmZBn8krerMx6sd6tj0XrmlXMnJA/s D5/AEbYlAk=</latexit><latexit sha1_base64="DMnNqfiV mDs6HNRigSwXgswctYI=">AAAB+XicbVBNS8NAEN34WetX1KOXYBE8lUQE9 Vbw0mMF+wFtLJvtpF262YTdSbGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMv SATX6Lrf1tr6xubWdmmnvLu3f3BoHx23dJwqBk0Wi1h1AqpBcAlN5Cigkyi gUSCgHYzvZn57AkrzWD7gNAE/okPJQ84oGqlv2/XHrIfwhCrKIAzzvG9X3K o7h7NKvIJUSIFG3/7qDWKWRiCRCap113MT9DOqkDMBebmXakgoG9MhdA2VN ALtZ/PLc+fcKAMnjJUpic5c/T2R0UjraRSYzojiSC97M/E/r5tieONnXCY pgmSLRWEqHIydWQzOgCtgKKaGUKa4udVhI6ooQxNW2YTgLb+8SlqXVc+tev dXldptEUeJnJIzckE8ck1qpE4apEkYmZBn8krerMx6sd6tj0XrmlXMnJA/s D5/AEbYlAk=</latexit>
j = 0
<latexit sha1_base64="ivkVCzgF hzCugt/rgOo08Vi5tgQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CokIe hEKXjxWtB/QhrLZbtq1m03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5 YSqFQc/7dlZW19Y3Nktb5e2d3b39ysFh0ySZZrzBEpnodkgNl0LxBgqUvJ1 qTuNQ8lY4upn6rSeujUjUA45THsR0oEQkGEUr3T9ee71K1XO9Gcgy8QtShQ L1XuWr209YFnOFTFJjOr6XYpBTjYJJPil3M8NTykZ0wDuWKhpzE+SzUyfk1 Cp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0FuVBphlyx+aIokwQ TMv2b9IXmDOXYEsq0sLcSNqSaMrTplG0I/uLLy6R57vqe699dVGtuEUcJju EEzsCHS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOMXMEf+B8/gC7G41b</lat exit><latexit sha1_base64="ivkVCzgF hzCugt/rgOo08Vi5tgQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CokIe hEKXjxWtB/QhrLZbtq1m03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5 YSqFQc/7dlZW19Y3Nktb5e2d3b39ysFh0ySZZrzBEpnodkgNl0LxBgqUvJ1 qTuNQ8lY4upn6rSeujUjUA45THsR0oEQkGEUr3T9ee71K1XO9Gcgy8QtShQ L1XuWr209YFnOFTFJjOr6XYpBTjYJJPil3M8NTykZ0wDuWKhpzE+SzUyfk1 Cp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0FuVBphlyx+aIokwQ TMv2b9IXmDOXYEsq0sLcSNqSaMrTplG0I/uLLy6R57vqe699dVGtuEUcJju EEzsCHS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOMXMEf+B8/gC7G41b</lat exit><latexit sha1_base64="ivkVCzgF hzCugt/rgOo08Vi5tgQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CokIe hEKXjxWtB/QhrLZbtq1m03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5 YSqFQc/7dlZW19Y3Nktb5e2d3b39ysFh0ySZZrzBEpnodkgNl0LxBgqUvJ1 qTuNQ8lY4upn6rSeujUjUA45THsR0oEQkGEUr3T9ee71K1XO9Gcgy8QtShQ L1XuWr209YFnOFTFJjOr6XYpBTjYJJPil3M8NTykZ0wDuWKhpzE+SzUyfk1 Cp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0FuVBphlyx+aIokwQ TMv2b9IXmDOXYEsq0sLcSNqSaMrTplG0I/uLLy6R57vqe699dVGtuEUcJju EEzsCHS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOMXMEf+B8/gC7G41b</lat exit><latexit sha1_base64="ivkVCzgF hzCugt/rgOo08Vi5tgQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4CokIe hEKXjxWtB/QhrLZbtq1m03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5 YSqFQc/7dlZW19Y3Nktb5e2d3b39ysFh0ySZZrzBEpnodkgNl0LxBgqUvJ1 qTuNQ8lY4upn6rSeujUjUA45THsR0oEQkGEUr3T9ee71K1XO9Gcgy8QtShQ L1XuWr209YFnOFTFJjOr6XYpBTjYJJPil3M8NTykZ0wDuWKhpzE+SzUyfk1 Cp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0FuVBphlyx+aIokwQ TMv2b9IXmDOXYEsq0sLcSNqSaMrTplG0I/uLLy6R57vqe699dVGtuEUcJju EEzsCHS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOMXMEf+B8/gC7G41b</lat exit>
j = ±1
<latexit sha1_base64="Kiq5QF8S 0b0T61DRj/rlYhokm+A=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07Irg l6EghePFewHtEvJptk2NsmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zM ixVnxgbBt1daW9/Y3CpvV3Z29/YPqodHLZNmmtAmSXmqOzE2lDNJm5ZZTjt KUyxiTtvx+Hbmt5+oNiyVD3aiaCTwULKEEWyd1H686SmBwn61FvjBHGiVhA WpQYFGv/rVG6QkE1RawrEx3TBQNsqxtoxwOq30MkMVJmM8pF1HJRbURPn83 Ck6c8oAJal2JS2aq78nciyMmYjYdQpsR2bZm4n/ed3MJtdRzqTKLJVksSj JOLIpmv2OBkxTYvnEEUw0c7ciMsIaE+sSqrgQwuWXV0nrwg8DP7y/rNX9Io 4ynMApnEMIV1CHO2hAEwiM4Rle4c1T3ov37n0sWkteMXMMf+B9/gBhso7d< /latexit><latexit sha1_base64="Kiq5QF8S 0b0T61DRj/rlYhokm+A=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07Irg l6EghePFewHtEvJptk2NsmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zM ixVnxgbBt1daW9/Y3CpvV3Z29/YPqodHLZNmmtAmSXmqOzE2lDNJm5ZZTjt KUyxiTtvx+Hbmt5+oNiyVD3aiaCTwULKEEWyd1H686SmBwn61FvjBHGiVhA WpQYFGv/rVG6QkE1RawrEx3TBQNsqxtoxwOq30MkMVJmM8pF1HJRbURPn83 Ck6c8oAJal2JS2aq78nciyMmYjYdQpsR2bZm4n/ed3MJtdRzqTKLJVksSj JOLIpmv2OBkxTYvnEEUw0c7ciMsIaE+sSqrgQwuWXV0nrwg8DP7y/rNX9Io 4ynMApnEMIV1CHO2hAEwiM4Rle4c1T3ov37n0sWkteMXMMf+B9/gBhso7d< /latexit><latexit sha1_base64="Kiq5QF8S 0b0T61DRj/rlYhokm+A=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07Irg l6EghePFewHtEvJptk2NsmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zM ixVnxgbBt1daW9/Y3CpvV3Z29/YPqodHLZNmmtAmSXmqOzE2lDNJm5ZZTjt KUyxiTtvx+Hbmt5+oNiyVD3aiaCTwULKEEWyd1H686SmBwn61FvjBHGiVhA WpQYFGv/rVG6QkE1RawrEx3TBQNsqxtoxwOq30MkMVJmM8pF1HJRbURPn83 Ck6c8oAJal2JS2aq78nciyMmYjYdQpsR2bZm4n/ed3MJtdRzqTKLJVksSj JOLIpmv2OBkxTYvnEEUw0c7ciMsIaE+sSqrgQwuWXV0nrwg8DP7y/rNX9Io 4ynMApnEMIV1CHO2hAEwiM4Rle4c1T3ov37n0sWkteMXMMf+B9/gBhso7d< /latexit><latexit sha1_base64="Kiq5QF8S 0b0T61DRj/rlYhokm+A=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07Irg l6EghePFewHtEvJptk2NsmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zM ixVnxgbBt1daW9/Y3CpvV3Z29/YPqodHLZNmmtAmSXmqOzE2lDNJm5ZZTjt KUyxiTtvx+Hbmt5+oNiyVD3aiaCTwULKEEWyd1H686SmBwn61FvjBHGiVhA WpQYFGv/rVG6QkE1RawrEx3TBQNsqxtoxwOq30MkMVJmM8pF1HJRbURPn83 Ck6c8oAJal2JS2aq78nciyMmYjYdQpsR2bZm4n/ed3MJtdRzqTKLJVksSj JOLIpmv2OBkxTYvnEEUw0c7ciMsIaE+sSqrgQwuWXV0nrwg8DP7y/rNX9Io 4ynMApnEMIV1CHO2hAEwiM4Rle4c1T3ov37n0sWkteMXMMf+B9/gBhso7d< /latexit>
FIG. 2. Effective low energy level spectrum of isolated
trimers of Mo3S7(dmit)3 molecules in the presence of SMOC.
where Srm describes the effective pseudospin-1 localized
at a triangular cluster. The single-spin anisotropy, D,
depends strongly on SMOC as shown in Fig. 3. Us-
ing perturbation theory4,5 we have obtained an effective
spin exchange model describing the magnetic exchange
coupling between the pseudospin-1 in the a− b planes of
Mo3S7(dmit)3. This model is an XXZ+120
0 honeycomb
quantum compass model4 leading to:
H =
∑
`
D(Szr`)2 + J
∑
`∈5
3∑
j=1
(
Sxr`Sxr`+δj + Syr`Syr`+δj + ∆Szr`Szr`+δj
)
+Q
∑
`∈5
3∑
i=1
(Syr`Syr`+δi cos2 φi + Sxr`Sxr`+δi sin2 φi)
+Jxz
∑
`∈5
3∑
i=1
[(Sxr` cosφi − Syr` sinφi)Szr`+δi + Szr` (Sxr`+δi cosφi − Syr`+δi sinφi)] , (10)
where J = (Jxx + Jyy)/2, ∆ = Jzz/J and Q = (Jxx − Jyy)/2 and φi = 2pi(i − 1)/3 where i labels the three bonds
around each 5 shown in Fig. 1. Thus, we see that the second term (proportional to J) is simply the XXZ model and
the third term (proportional to Q) is the honeycomb 120◦ compass model.10
The exchange couplings and single-spin anisotropy en-
tering model (10) have been obtained numerically from
perturbation theory4 as well as analytically using a
canonical transformation.5 In Fig. 3 we show the de-
pendence of the model (10) parameters: J,Q,∆ and D
with λxy for the longitudinal SMOC, λz = λxy/2, appro-
priate for Mo3S7(dmit)3 crystals. With no SMOC, the
exchange couplings are isotropic: J ≈ 0.04tc, Q = 0,∆ =
1, Jxz = 0, as it should. As SMOC increases, spin ex-
change anisotropy, i. e., Q 6= 0, ∆ 6= 1 (or equivalently
Jxx 6= Jyy 6= Jzz) increases. On the other hand, Fig. 3
shows how the single-spin anisotropy is rapidly enhanced
by SMOC.
III. LARGE-D PHASE INDUCED BY SMOC
One can see from the results of Fig. 3 that, for suffi-
ciently large SMOC, the single-spin anisotropy overcomes
the exchange couplings, D > J,∆J = Jzz. We can ex-
pect that in the limit, D  J, Jzz, the model is domi-
nated by single-spin anisotropy and the ground state of
the model is just the tensor product of Szr` = 0 at each
lattice site. Hence, it is important to first obtain an esti-
mate of the critical Dc at which a transition to a large-
D phase occurs and the magnitude of SMOC needed to
reach such critical D. In order to do so, we explore below
the magnetic properties of a slightly simplified version of
the full model (10) in the limit of weak SMOC. This limit
is relevant to the a−b planes of Mo3S7(dmit)3, for which
ab initio calculations9 give λ
Mo3S7(dmit)3
xy = 0.042tc with
λz = λxy/2. We can see from Fig. 3 that for λxy . 0.5
exchange coupling anisotropies are negligible which jus-
tifies using an isotropic Heisenberg model for describing
the magnetic properties of the a− b planes of the crystal.
We have recently explored the Ne´el to large-D transi-
tion of the isotropic version of model (10) using a SU(3)
description of the spins which introduces three Schwinger
bosons to properly account for the three projections:
Szi = 0,±1 of the spin-1 at each lattice site.11 We find a
transition from the Ne´el ordered phase to a large-D phase
for Dc ≈ 3J . From this condition and the dependence of
D with λxy we can obtain a realistic estimate of SMOC
needed for the large-D phase to occur in isolated a − b
layers of Mo3S7(dmit)3. In Fig. 3 we show the critical
SMOC (λxy/tc)critic ≈ 0.38 at which the Dc = 3J con-
dition is satisfied. This critical value is about nine times
larger than SMOC in Mo3S7(dmit)3 crystals. Hence, we
conclude that isolated a−b layers of Mo3S7(dmit)3 should
be in a magnetically ordered Ne´el state.
IV. MAGNETIC FRUSTRATION EFFECTS
Magnetic frustration plays an important role in induc-
ing disordered spin liquid states. We analyze the effect
of a next-nearest neighbor exchange coupling, J ′, on the
magnetic properties of model (10) in the limit of weak
SMOC i. e. with isotropic couplings. Hence, the model
we study is a S = 1 J-J ′ Heisenberg on the honeycomb
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FIG. 3. Spin exchange couplings and single-spin anisotropy in
the a− b layers of Mo3S7(dmit)3. The dependence of param-
eters of model (10) on SMOC is shown. Longitudinal SMOC
is fixed to λz = λxy/2 as appropriate for Mo3S7(dmit)3 and
U = 10tc. The vertical dashed line marks the critical trans-
verse SMOC, λxy ≈ 0.38tc, at which a transition to a large-D
phase occurs. The vertical dotted line marks λxy/tc = 0.042tc
estimated for Mo3S7(dmit)3 materials.
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FIG. 4. Dependence of the critical single-spin anisotropy
with magnetic frustration. The critical Dc at which a transi-
tion from a Ne´el phase to a large-D phase occurs from SU(3)
SBMFT calculations on model (11) is shown. J = 1 in this
plot.
lattice with single-spin anisotropy:
H =
∑
`
D(Szr`)2 + J
∑
〈`m〉
Sr`Srm + J ′
∑
〈〈`m〉〉
Sr`Srm
(11)
We first discuss the phase diagram of this model with
no single-spin anisotropy, D = 0, based on recent
SU(2) Schwinger boson mean-field theory (SBMFT)
calculations.11 For J ′ = 0, the ground state of the model
is a Ne´el state, as expected since the lattice is bipartite.
A direct transition from Ne´el order to spiral order occurs
for J ′ ≈ 0.24.
We finally discuss the effect of J ′ on the Ne´el to large-D
transition of model (11) based on SU(3) SBMFT calcu-
lations of model (11). In Fig. 4 we show the critical D at
which a spin gap opens up signaling the formation of the
paramagnetic large-D phase. We find that the critical
Dc = 3J obtained for J
′ = 0 of the unfrustrated model,
is strongly suppressed by J ′. Hence, magnetic frustration
favors the large-D phase. The kink around J ′ = 0.12J
in Fig. 4 is related to the expected poor performance of
the SU(3) SBMFT approach as Dc is suppressed below
J , Dc < J .
11
V. CONCLUSIONS
The magnetic properties of the a − b planes of
Mo3S7(dmit)3 crystals can be modeled through a S =
1, XXZ+1200 quantum compass model with single-
spin anisotropy.4 For the weak SMOC present in
Mo3S7(dmit)3 crystals
9, quantum compass couplings and
single-spin anisotropy play a minor role so that the ef-
fective model in this regime is just the isotropic S = 1
Heisenberg model on the honeycomb lattice. Hence, we
predict that isolated honeycomb layers of Mo3S7(dmit)3
are Ne´el ordered. However, we find that magnetic frus-
tration induced by a next-nearest neighbor exchange cou-
pling, J ′, favors the large-D phase.
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